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A low-enriched uranium U-10Mo monolithic nuclear fuel is being developed by the Material Management 
and Minimization Program, earlier known as the Reduced Enrichment for Research and Test Reactors 
Program, for utilization in research and test reactors around the world that currently use high-en-riched 
uranium fuels. As part of this program, reactor experiments are being performed in the Advanced Test 
Reactor. It must be demonstrated that this fuel type exhibits mechanical integrity, geometric stability, and 
pre-dictable behavior to high powers and high fission densities in order for it to be a viable fuel for 
qualification. This paper provides an overview of the microstructures observed at different regions of interest 
in fuel plates before and after irradiation for fuel samples that have been tested. These fuel plates were 
fabricated using laboratory-scale fabrication methods. Observations regarding how microstructural changes 
during irradiation may impact fuel performance are discussed.

INTRODUCTION

To support nuclear nonproliferation efforts, the Material Management and Minimization (M3) pro-gram 
(formerly known as the Reduced Enrichment for Research Reactor program) is developing low-enriched 
uranium (LEU) fuel to reduce the demand for highly enriched uranium (HEU) fuels currently used in 
research and test reactors throughout the world.1 A U-10Mo monolithic fuel is one type of fuel that is being 
developed.2 This plate-type fuel is composed of a U-10Mo fuel foil with a Zr diffusion barrier that is clad with 
AA6061. The U-10Mo foil is bonded to the Zr diffusion barrier using a hot co-rolling process,3 and the cladding 
is subsequently bonded to the fuel foil by hot isostatic pressing (HIP).4 The M3 program is in the process of 
conducting the necessary irradiating testing so that this fuel can be qualified for use. To support this 
qualification, it must be demonstrated that this fuel type exhibits mechanical integrity, geometric sta-bility, 
and stable and predictable irradiation behav-ior to high powers and high fission densities.

  The monolithic fuel plate microstructure that will be present in a fuel plate going into a reactor is intimately 
related to the fabrication processes employed to make it.5,6 The characteristics of this microstructure must 
be well understood, since the ultimate fuel plate performance during irradiation will depend on the 
performance of the phases that compose this microstructure. Microstructural fea-tures are correlated to 
areas of interest within an as-fabricated fuel plate; the U-10Mo fuel foil, the Zr diffusion barrier, and the 
Al-6061 cladding are of interest, along with features at the U-10Mo/Zr, Zr/Al-6061 cladding, U-10Mo/
Al-6061 cladding, and Al-6061 cladding/Al-6061 cladding interfaces. When describing the general 
microstructure of the U-10Mo fuel phase, it is necessary to discuss the phases present, the grain 
sizes observed, and com-positions observed locally. In the Zr diffusion bar-rier, the primary 
characteristics of interest are the grain size and orientation, and the presence of impurity phases. 
For the Al-6061 cladding, the phases present and the grain size observed are of interest. At 
interfaces, it is common to observe reaction layers that develop due to solid-state interdiffusion 
during fabrication. As a result, at the U-10Mo/Zr interface, interdiffusion of U, Mo, and Zr during 
fabrication can result in development of phases containing U, Mo, and/or Zr.7 At the Zr/Al-6061 interface, 
phases can develop that contain Zr,
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Al, Mg, and/or Si.8 At the U-10Mo/Al-6061 interface, phases can be present that contain U, Mo, Al, Mg, 
and/or Si.9 Zr can also be present due to the presence of the diffusion barrier layer.5

This paper describes the microstructural changes at some regions of interest during irradiation within 
samples characterized to date, produced using lab-oratory-scale fabrication methods that were not

Fig. 1. (a) OM image showing an as-fabricated fuel plate microstructure composed of elongated U-10Mo grains and lamellar regions where
single phase c-(U,Mo) has decomposed, most likely into a-U and c-(U,Mo). Some regions can transform all the way to a-U and c¢-(U,Mo). (b) BSE
image of the U-10Mo fuel in an as-fabricated fuel plate, along with the results of a Mo linescan (dashed). (c) OM micrograph showing where
impurity phases are present in the U-10Mo fuel for an as-fabricated fuel plate.



optimized. Microstructural characterization data
have been obatined from mechanically polished
samples, along with samples prepared using focused
ion beam (FIB) methods. These samples were
analyzed using optical metallography (OM), scan-
ning electron microscopy with energy-dispersive-
spectroscopy and wavelength-dispersive spec-
troscopy (SEM/EDS/WDS), and transmission elec-
tron microscopy (TEM). Both backscattered electron
(BSE) and secondary electron (SE) images were
obtained using SEM. This paper discusses how
observed microstructural changes during irradia-
tion may impact fuel performance characteristics
such as swelling, heat transfer, and the overall
stability of the fuel system.

AS-FABRICATED MICROSTRUCTURES

U-10Mo Alloy

Depending on how a fuel plate is fabricated, it is
possible for the U-10Mo alloy fuel microstructure to
consist of elongated fuel grains in the rolling direc-
tion, areas of transformed c-(U,Mo) phase, areas of
chemical banding, and impurity phases in different
areas of the microstructure.3,10–12 Figure 1 shows
examples of these microstructural features. The
elongated grains results from the rolling process.
The decomposed areas are a result of the
metastable c-(U,Mo) phase transforming to a-U and
c-(U,Mo), and possibly c¢-(U,Mo) if the holding time is
long enough, during fabrication at higher tempera-
tures. Repas et al.13 reported a time–temperature–
transformation diagram showing that, if
U-10 wt.% Mo is kept at relatively high temperatures
(around 500�C) for long enough, transformations to a-
U and c¢-(U,Mo) will occur. Yet, even if this transfor-
mation does occur during fabrication, literature
suggests that these regions will transform back to
bcc c-(U,Mo) phase during irradiation,14 which is the
preferred phase, primarily due to the fact that bcc c-
(U,Mo) phase has isotropic properties and exhibits
good irradiation performance.15 The chemical band-
ing results from rolling a starting as-cast U-10Mo
alloy coupon (that exhibited coring during casting)
into a foil. The impurity phases are typically uranium
carbides that are present because varying amounts of
carbon are present in the original starting material.

Interfaces

At the three interfaces in the fuel plates (i.e.,
U-10Mo/AA6061, U-10Mo/Zr, and Zr/AA6061),
interdiffusion zones can be present, giving evidence
of a metallurgical bond during the fuel fabrication
processes. Figure 2 shows examples of interdiffu-
sion zones observed at these interfaces. A final
interface is present between the AA6061/AA6061
cladding, which is employed to encase the fuel
(Fig. 2). The presence of impurity phases at the
interfaces can impact on the bonding quality; Sup-
plementary Fig. S1 shows a uranium carbide phase
present at the U-10Mo/Zr interface.

IRRADIATION TESTING AND
CHARACTERIZATION OF IRRADIATED

SAMPLES

Irradiation testing was performed in the
Advanced Test Reactor (ATR) using small fuel
plates and large fuel plates. Testing smaller fuel
plates provides an efficient way to test different
fabrication methods and to generate irradiation
performance data for a variety of conditions. Once
the needed data are generated and a final fuel type
and fabrication method identified, larger-scale
testing can commence. Since smaller fuel plates
can be exposed to different neutron flux gradients

Fig. 2. BSE images showing (a) the solid–state interaction layers
that form at the U-10MoZr and Zr/AA6061 cladding interfaces, (b) the
microstructure at the U-10Mo/AA6061 interface, which is located at
the edge of the fuel zone, and (c) the microstructure at the interface
between the AA6061 cladding pieces that have been HIP-bonded to
encase the U-10Mo fuel.



and mechanical stresses, care should be taken
when comparing results with those from irradia-
tion experiments using larger fuel plates. The
typical dimensions a smaller fuel plate are 2.5 cm
by 10.2 cm by 0.14 cm, and the fuel zone dimen-
sions are 8.3 cm by 1.9 cm by 0.03 cm. For the
larger fuel plates, the fuel plate dimensions are
5.7 cm by 114.3 cm by 0.13 cm and the fuel zone
dimensions are 3.5 cm by 57.2 cm by 0.04 cm.2 To
study the microstructural evolution in fuel plates
of different sizes, microstructural characterization
was performed on relatively small samples taken
from the different irradiated fuel plates. Sample
cross-sections were produced in the Hot Fuel
Examination Facility (HFEF) at the Materials
and Fuels Complex at the Idaho National Labora-
tory for OM analysis. Other smaller samples were
produced from the fuel plates in HFEF then sent to
a separate facility called the Electron Microscopy
Laboratory (EML) for analysis using SEM/EDS/
WDS and TEM.

AS-IRRADIATED MICROSTRUCTURES

U-10Mo Alloy

With respect to the elongated fuel grains in the
rolling direction, areas of transformed c-(U,Mo)
phase, areas of chemical banding, and impurity
phases in different areas of the microstructure that
can be found in the starting U-10Mo microstruc-
ture,5 irradiation affects some of these features
more than others. Figure 3 shows the microstruc-
ture of the U-Mo fuel zone for a fuel plate after
irradiation to relatively low burnup (or fission
density), where observable fission gas bubbles are
present on the grain boundaries, comparing the
microstructure for a fracture surface with that for a
sample produced by FIB. TEM analysis demon-
strated that smaller fission gas bubbles around
2 nm in size were present inside the grains of
monolithic fuel U-Mo alloy irradiated to relatively
low burnup. These bubbles were organized on a fcc
superlattice in the bcc c-(U,Mo) fuel. This superlat-

Fig. 3. BSE images taken from a low-burnup fuel (sample L1F040 achieving fission density of �3.2 9 1021 fissions/cm3), showing (a) a fracture
surface present in irradiated fuel that revealed the fission gas bubbles present on the fuel grain boundaries and (b) a FIB sample showing the
microstructure for the same fuel plate depicted in (a) where fission gas bubbles are on grain boundaries. (c) Dark-field TEM micrograph of fission
gas superlattice observed in U-Mo monolithic fuel irradiated to low burnup (sample MZ50 achieving fission density of �2 9 1021 fissions/cm3).



tice has been routinely observed in U-Mo dispersion
fuels,16,17 and its presence is an important reason
why U-10Mo monolithic fuel exhibits relatively
stable swelling behavior during irradiation, since
very small bubbles can accommodate a large
amount of fission gas without causing significant
swelling of the fuel.

At higher burnup, relatively large fission gas
bubbles were observed in the U-10Mo fuel (Fig. 4).
At this stage of burnup, the fuel has gone through
fission-induced recrystallization (grain refine-
ment), which has also been observed for U-Mo
dispersion fuel,17,18 and this process changes the
microstructure such that relatively large fission
gas bubbles develop through the microstructure.
With respect to the chemical banding that can be
found in as-fabricated fuel plates, the heteroge-
neous distribution of Mo remains in the U-10Mo
fuel, even after irradiation to high burnup. This is
demonstrated by the Mo x-ray maps shown in
Fig. 4. A uniform distribution of fission gas bubbles
composes the microstructure of the irradiated fuel,
and larger phases that appear to be uranium
carbide impurity phases can also be observed
(Fig. 4).

Interfaces

As mentioned above, interdiffusion zones develop
at the U-10Mo/Zr and Zr/AA6061 interfaces during
fuel fabrication, and the irradiation behavior of the
phases in these zones is of interest. Since fission
fragments can recoil from the surface of uranium-
bearing fuel, there is a recoil range of fission
fragments that extends less than 10 microns into
the Zr diffusion barrier, which is nominally 25
microns thick.19 This means that, at the U-10Mo/Zr
interface, it must be determined that this fission
fragment recoil does not overly degrade the bonding
at the interface and that the phases that are
present remain stable. At the Zr/AA6061 interface,
which is typically outside the range of the recoil
zone, good integrity of the potentially brittle phases
present in this region of the fuel plate must also be
demonstrated at different levels of burnup. Figure 5
shows BSE images of the observed microstructures
for polished samples at these interfaces after fuel
fabrication and then after irradiation. Cracks or
signficant porosity was not observed at either of the
two interfaces, suggesting that good bonding was
maintained. Due to the particular interest in the

Fig. 4. BSE images showing the microstructure of (a) an as-fabricated fuel plate and (b) a fuel plate after irradiation to relatively high burnup
(�5 9 1021 fissions/cm3). The small black spots in (b) are fission gas bubbles. The x-ray maps in (c) and (d) show the Mo distribution in the
archive and irradiated fuel plates, respectively.
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microstructural development at the U-10Mo/Zr
interface, FIB samples were taken from different
irradiated fuel plates. Supplementary Fig. S2 shows
BSE images for FIB samples taken from two
different irradiated fuel plates at this interface.
Much of the Zr does not exhibit porosity, and there
is no evidence of cracks along the interface. Fission
gas bubbles can be observed in the U-10Mo fuel all
the way to the U-10Mo/Zr interface. In the OM
images in Fig. 6, relatively large porosity is
observed near the U-10Mo/Zr interface in some fuel

samples irradiated to relatively high burnup. This
appears to occur at a location in the as-fabricated
fuel plate U-10Mo/Zr interdiffuson zone near the U-
10Mo/Zr interface where lower Mo contents have
been measured. If the Mo content is too low in the
fuel after fuel fabrication, a-U could be present in
this region of the fuel, and this phase has the
potential to exhibit poor irradiation performance.20

The cause of the development of larger pores in this
fuel region at high burnup is currently under
investigation.

Fig. 5. BSE images of (a) the U-10Mo/Zr interface for an archive fuel plate before irradiation and (b) the same interface after irradiation
(�5 9 1021 fissions/cm3). (c) BSE image at Zr/AA6061 interface for an archive fuel plate before irradiation and (d) the same interface after
irradiation. What appear to be uranium carbide phases can be found in (b).

Fig. 6. OM micrographs of observed microstructures for U-10Mo monolithic fuel plates irradiated to (a) intermediate burnup
(�2–3 9 1021 fissions/cm3) and (b) high burnup (�5 9 1021 fissions/cm3). In (b), relatively large pores are present near the U-10Mo/Zr interface.



Since impurity phases can be present at the 
U-10Mo/Zr interface after fuel fabrication, it is 
important to determine how these phases may 
affect bonding. Optical micrographs showing where 
these phase have been observed in two different 
regions of an irradiated fuel plate are presented in 
Fig. 7. For the samples characterized to date, good 
bonding seems to be retained in areas with impurity 
phases.

DISCUSSION AND CONCLUSION

To date, both small- and large-scale U-10Mo 
monolithic fuel plates have been successfully irra-
diated in the ATR. Samples from these fuel plates 
have been characterized using a variety of tech-
niques to improve understanding of how the fuel 
plate microstructure evolves under different irradi-
ation conditions and in fuel plates of different sizes 
that were fabricated using different methods. Data 
have been generated with respect to the microstruc-
tural evolution of the U-10Mo and at the different 
interfaces present in fuel plates irradiated to differ-
ent levels of burnup. Characterization results sug-
gest that U-10Mo monolithic fuel exhibits good 
mechanical integrity, dimensional stability, and 
irradiation performance. This is based on informa-
tion generated for samples that were fabricated 
using nonoptimized fuel fabrication methods. 
Future work will focus on characterizing irradiated 
fuel plates where the methods employed to fabricate 
the plates have been optimized.
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